METHODS
Materials. HEK-293 cells (human embryonic kidney cell line) were a kind gift from Prof. Jonathan Lytton (University of Calgary, Calgary, Canada). The pcDNA3 vector was obtained from Invitrogen (San Diego, CA). The pCIS2 vector was obtained from Genentech (San Diego, CA). The MutanK kit was from Takara Shuzo (Ohtsu, Japan). Pfu DNA polymerase was obtained from Stratagene (La Jolla, CA). Restriction enzymes and other DNA modifying enzymes were from Toyobo (Osaka, Japan), New England Biolabs. -ATPase were prepared from rabbit gastric mucosae as described elsewhere [5] . The ␣-and ␤-subunit cDNAs were digested with EcoRI and XhoI. The obtained fragments were each ligated with the pcDNA3 vector treated with EcoRI and XhoI.
cDNA of colonic H
in which a portion of the 5Ј-noncoding region (Ϫ144 to Ϫ37 nucleotides) was removed, was prepared as described elsewhere [16] . The ␣-subunit cDNA was subcloned in the pCIS2 vector.
Site-directed mutagenesis, chimera construction, and DNA sequencing. 
Cell culture, transfection and preparation of membrane fractions. Cell culturing of HEK-293 cells was carried out as described previously [5] . ␣-and ␤-subunit cDNA transfection was performed by the calcium phosphate method with 10 g of cesium chloride-purified DNA per 10 cm dish. Cells were harvested 2 d after cDNA transfection. Membrane fractions of HEK cells were prepared as described previously [5] . Briefly, cells in a 10-cm Petri dish were washed with phosphate-buffered saline and incubated with 2 ml of low-ionic salt buffer [0.5 mM MgCl 2 , 10 mM Tris/HCl (pH 7.4)] at 0°C for 10 min. After the addition of phenylmethylsulfonyl fluoride (1 mM) and aprotinin (0.09 U/ml), the cells were homogenized in a Dounce homogenizer, and the homogenate was diluted with an equal volume of a solution comprising 500 mM sucrose and 10 mM Tris/HCl (pH 7.4). The homogenized suspension was centrifuged at 800ϫg for 10 min. The supernatant was centrifuged at 100,000ϫg for 90 min, and the pellet was suspended in a solution comprising 250 mM sucrose and 5 mM Tris/HCl (pH 7.4).
SDS-polyacrylamide gel electrophoresis and Western blot. SDS-poly/acrylamide gel electrophoresis was carried out as described elsewhere [19] . Membrane preparations (30 g of protein) were incubated in a sample buffer comprising 2% SDS, 2% ␤-mercaptoethanol, 10% glycerol and 10 mM Tris/HCl (pH 6.8) at room temperature for 2 min and applied to the SDS-polyacrylamide gel. Western blotting was carried out as described previously [5] .
Antibody. Ab1024 was previously raised against the carboxy terminal peptide (residues 1,024-1,034) of the H -ATPase activity was assayed in 1.2 ml of a reaction mixture comprising membrane protein (50 g), 3 mM MgCl 2 , 160 M NADH, 0.8 mM phosphoenolpyruvate, 3 U/ml pyruvate kinase, 2.75 U/ml lactate dehydrogenase, 5 mM NaN 3 , 1 mM ouabain, 15 mM KCl, 40 mM Tris/HCl (pH 7.4) and various concentrations of ATP. The decrease in the amount of NADH was measured at 37°C as the absorbance at 340 nm with a Beckman spectrophotometer as described elsewhere [21] . H 2) Measurement of inorganic phosphate released from ATP. H ϩ ,K ϩ -ATPase activity was assayed in 1 ml of a solution comprising membrane protein (50 g), 3 mM MgCl 2 , 1 mM ATP, 5 mM NaN 3 , 1 mM ouabain, 15 mM KCl, and 40 mM Tris/HCl (pH 7.4) in the presence and absence of 50 M SCH 28080. After reaction at 37°C for 30 min, the inorganic phosphate released was measured as described elsewhere [22] . H ϩ ,K ϩ -ATPase activity was calculated as the difference between activity in the presence and absence of SCH 28080.
We routinely measured the ATPase activity using both methods. We usually showed results measured by the latter method unless indicated. When the effect of ATP concentration on ATPase activity was studied, we determined the activity by the former method to maintain a constant ATP concentration during the incubation period.
Colonic H ϩ ,K ϩ -ATPase activity was assayed in 1 ml of a solution comprising membrane protein (50 g), 3 mM MgCl 2 , 1 mM ATP (Tris salt), 5 M oligomycin, and 40 mM Tris/HCl (pH 7.4) in the presence and absence of 15 mM KCl. H ϩ ,K ϩ -ATPase activity was calculated as the difference between activity in the presence and absence of KCl, which was inhibited by 1 mM ouabain, however insensitive to 50 M SCH 28080.
Protein was measured using a BCA protein assay kit from Pierce (Rockford, IL) with bovine serum albumin as the standard.
RESULTS

Expression of the mutant ␣-subunit and ␤-subunit in the membrane
The expression levels of the mutant ␣-subunits (including alanine mutants, deletion mutant and chimera) were studied using Western blotting with an anti-␣-subunit antibody ( Fig. 2A) . The molecular mass of the A(28-31), A(38-40), A(28-31)/A(38-40), ⌬(31-40) mutants and CGHK chimera was about 95 kDa, apparently identical to that of the wild-type ␣-subunit. The expression levels of all the mutant ␣-subunits were not significantly different from that of the wild-type H ϩ ,K ϩ -ATPase ␣-subunit ( Fig. 2A) . Therefore, the positive charges in the lysine/glycine cluster were not involved in controling the expression level of the ␣-subunit. Furthermore, the structure of the lysine/ glycine cluster itself was not involved in controlling the expression level of the ␣-subunit because the mutant ␣-subunit was expressed in the membrane even after removing 10 amino acid residues around the lysine/glycine cluster in the ⌬(31-40) mutant or replacing the 86 amino acid residues in the amino-terminal portion of gastric H Figure 2B shows the expression levels of the H ϩ ,K ϩ -ATPase ␤-subunits co-expressed with the wild-type or mutant ␣-subunits by Western blotting with an anti-␤-subunit antibody, 2B6. When the cells were co-transfected with both the wild-type ␣-subunit and ␤-subunit cDNAs, a dense band with a lower molecular mass (48 kDa) (␤ c ) and a smear band with a higher molecular mass (60-70 kDa) (␤ m ) were observed (lane 1). The band with a lower molecular mass (48 kDa) represents the ␤-subunits with high mannose-type carbohydrate chains, which are located in the endoplasmic reticulum, and the band with a higher molecular mass represents the ␤-subunits with complex-type carbohydrate chains, which leave the endoplasmic reticulum for transGolgi and plasma membrane [11] . Similar patterns were observed when the cells were co-transfected with the mutant ␣-subunit and wild-type ␤-subunit cDNAs. Therefore, the positive charges and glycine block in the lysine/ glycine cluster were not involved in the expression level of the ␤-subunit, modification of the ␤-subunit with carbohydrate chains nor intracellular localization of the ␤-subunit.
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If the lysine/glycine cluster is really involved in the discrimination of cations or controlling the access of cations to the binding site, it is expected that the affinity for cations (or proton) is modified after the introduction of mutations in the cluster structure, especially neutralizing the positive charges of the lysine residues. Figure 3A ϩ -ATPases showed similar pH profiles indicating maximal activity around pH 6.5 to 6.8. Even after removing all of the positive charges from the cluster, or the lysine/ glycine cluster structure itself, the pH dependency of the mutants did not significantly change. These results are in contrast with the finding that the E→Q mutation in Glu-345 (one of the sites responsible for cation recognition located in the fourth transmembrane segment of the ␣-subunit) shifted the pH dependence curve toward alkaline pH [23] . Therefore, the cluster structure is not directly involved in the interaction with protons. Figure 3B shows the pH dependency of H 
DISCUSSION
Gastric H
ATPase is a member of the P-type ATPase family which actively transports ions coupled with the hydrolysis of ATP by forming an acid-stable acylphosphate compound as a high-energy intermediate. P-type ATPases generally have common structures in the catalytic center including the acyl-phosphorylation site and the ATP-binding site. The location of domains containing their cation recognition sites and transport pathways is also common to some extent. However, the roles of individual amino acid residues in the cation recognition sites are supposed to be different depending on the species of the transporting cations. In fact, several acidic or polar amino acid residues in the fourth, fifth and sixth transmembrane segments were identified as the binding sites or the sites involved in determining the affinity for the cations in the Ca ter study showed that the amino-terminal region including the lysine cluster was not necessary for Na
-ATPase activity, ouabain binding and pump current). It was reported that a mutant pump, which lacked amino-terminal 28 amino acids including the lysine cluster, exhibited more pronounced voltage dependence for the pump current stimulation by external [K ϩ ] in Xenopus oocytes, indicating that the lysine cluster affected cation binding to the pump [38] .
In this study, we focused on the role of the lysine/ glycine cluster in the gastric H Although it is clear that the lysine/glycine cluster is not involved in determination of the affinity for ions in the overall ATP hydrolysis reaction, unfortunately, we cannot study the contribution of the cluster on the current generated by the ATPase as in several studies of Na 
